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The intent of this thesis is to present a design of an integrated simulation
model for the cooling and air conditioning circuits in a fuel cell electric vehicle.

Using the simulation environment Dymola, the coupling of submodels to

form the thermal management system has been investigated.

On the account of flexible exchange of submodels and the unsteady
operational status of the general model, an approach for a co-simulation using
the Building Controls Virtual Test Bed (BCVTB) software to couple between
submodels is also analyzed, introduced and tested.

A comparison is to be finally done between coupling in Dymola and co-
simulating in BCVTB based on the simulation speed, flexibility of submodels’

exchange, ease of coupling and interface.

This thesis contains a good example for modelling and simulating a physical
software model for the thermal management system in an electric vehicle from
the scratch. It also addresses other attempt to introduce a promising co-
simulation tool (BCVTB) developed at Lawrence Berkeley National Laboratory,
Berkeley, CA, USA.
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Abstract

Through this dissertation, an approach for a cooling strategy will be
exhibited in developing a descriptive software simulation model for the thermal
management system inside a fuel cell electric vehicle using the simulation

environment Dymola.

Starting from the thermal analogy for the electric devices and then building
up the cooling circuits, coupling of all cooling circuits in the thermal
management system in Dymola will be finally introduced.

Considering the simulation speed, stability and ease of submodels’
exchange, the Building Controls Virtual Test Bed (BCVTB) software; as a co-
simulation tool, will be also introduced to couple all submodels founding the

thermal management system.

A comparison between the simulation results out of both softwares
according to the accuracy and speed of simulation will be executed and used as

a validation for both coupling approaches.

Both softwares will be also compared according to stability, flexibility of

model exchange, speed of simulation and ease of interface.

By the end of this report, a conclusion is to state the advantages and
disadvantages of using both softwares which enables developers at DLR to
understand the difference and to choose between them. (© Copyright 2014 All
Rights Reserved for DLR & Ahmed Hussein)
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1 Introduction

In the 19" century, the electric vehicles were introduced among the earliest
automobiles. In fact, in 1900, 28 % of the cars on the road in USA were electric'.
Afterwards, the discovery of large petroleum reserves has contributed to decline

of electric cars.

Recently, due to ecological and economical reasons, paying more efforts for
deploying more electric cars in international markets has become a must.
Germany has built up an aim to increase the electric vehicles’ production to 1

million units by 2020".

In electric vehicles and besides the power demanded for the road traction,
the thermal management system requires a great share of the power stored in

the vehicle. The challenge is always in how to keep this share minimized.

As an accurate depiction of reality, modelling and simulation of the thermal
management system represent the cornerstone for optimizing the share of the
cooling and air conditioning circuits from total electric power consumed by the

vehicle.

Considering all heat generative devices (fuel cell stack, electric motor and
battery) as well as other influences like ambient temperature and vehicle speed,
several stochastic approaches should be introduced not only in modelling the
air conditioning and cooling circuits, but also in the simulation for the sake of
choosing the most representative strategy.

Using Dymola, thermal analogized submodels for the electric devices inside
the FCEV as well as modelling the cooling circuits have been -separately- done
and introduced in many scientific papers. In this dissertation, the attempt is to
couple all thermal submodels and cooling circuits in one consistent and
comprehensive model that represents thermal management and thermal

protection inside the electric vehicle the best.

Since the speed of data exchange through coupling has a significant effect
on the simulation results; accordingly, the need for a different powerful co-
simulation software tool that couples all submodels which form the thermal

management system is urgent.

[Ahmed Hussein] 1
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2 Project Tasks and Deliverables
Task 1: Choosing the appropriate softwares for modelling and co-simulation.

Deliverables:  Dymola for modelling: A powerful modelica tool with powerful
libraries for the cooling, air conditioning and automotive
applications.

BCVTB for co-simulation: A promising newly developed co-
simulative tool capable of coupling various simulation
programs for data exchange.

Task 2: Modelling and thermal analogy for the electric devices inside circuits.

Deliverables: Thermal analogized Dymola submodel for the electric motor
(EM).

Thermal analogized Dymola submodel for the power
electronics module (PEM).

Task 3: Modelling of low and high temperature cooling circuits. Configuration of
the air conditioning circuit from Dymola A/C library then coupling of all
submodels in Dymola environment.

Deliverables: Simulation results out of a general model consists of LT, HT
and A/C submodels, coupled all together through the air path.

Task 4: Configuration of each circuit and co-simulating in BCVTB.

Deliverables: Validation of co-simulation results out of a new interface for the
general model in Ptolemy Il software.

Task 5: Coupling’s validation based on results from Dymola and BCVTB.

Deliverable:  Comparison between two approaches according to the simulation
speed, flexibility of model exchange and ease of interface.

In Figure 1, the project schedule is clearly described.

Juld- Aug 1 e Coosing the appropriate modeling and co-simulation tool.
Augl-Sepld JEEEE—— Modeling and thermal analogy for the electric devices inside the cooling circuits.
Seplé-Novl e odeling LT, HT and AIC circuits and coupling in Dymola.

Mov2-Nov 23 A Configuring each circuit and coupling
(co-simulating) in BCVTB.

Dec2 -Jan 31 Validation for coupling
results from Dymeola
) _ and BCVTB
Simulation
Simulation results out

results fronil ?lrt:r?::we
one genera I
layoutin inBCVTE

Dymala
Thermal models for Nov 28 )
the EM &PEM Nov 1 : Comparison between

Dymaola & BCVTE and
conclusion.

[

BCWTB and Dymiola

Sep14

Augl Jan 31

2014

Figure 1: Project Plan
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2.1 Choosing the Appropriate Softwares

2.1.1 For Modelling:

As an object-oriented software which encapsulates data and operations
in objects that interact with each other via the object's interface, Dymola
software has been chosen as the main modelling software. As this project is
a part of a bigger extended project which; mainly, utilizes the modelica
libraries developed by DLR (e.g. Alternative Vehicles library) and Modelon
(e.g. Air Conditioning library), Dymola was not only chosen because of the

relevance, but also for its academic familiarity.

2.1.2 For Co-simulation:

[Ahmed Hussein]

After a differentiation between Building Controls Virtual Test Bed
(BCVTB) and the Functional Mock-up Interface (FMI) developed by
MODELISAR, BCVTB has been chosen for the following reasons:

1) Because Dymola is the only modelling environment used, there was no
need to involve FMI to provide a unified model interface for model
exchange in different modelling environments. However, it would be
advisable to use the FMI when several modelling and simulation

environments are involved.

2) In Modelica, components are concurrent and communicate via ports.
This means, that exporting models to Functional Mock-up Units (FMUs
are the FMI compliant exported models) in Dymola environment;
represented as FMU blocks, will be subjected to the same
synchronization speed of data exchange while simulating as they were

before exporting.

3) For any Dymola component, the ports are considered neither inputs nor
outputs and the connections between ports impose equation constraints
on variables that all lead to actor-like semantics of Modelica. Modelica is
actually most suited to modelling physical systems, that can be intuitively

described by equations.
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[Ahmed Hussein]

4) Ptolemy Il (the simulation environment of BCVTB), mainly addresses the
heterogeneous modelling, simulation and design of concurrent
embedded systems. The major motivation of this project is generating
models that can be implemented in a broad variety of computational
models such as discrete-event, continuous-time, finite-state machine,

synchronous data-flow and etc.

5) The use of the Modelica models in the causal environment of Ptolemy I
allows the simulation of the non-causal models of Modelica in
combination with variant Models of computation that are realized in
Ptolemy Il, such as synchronous data-flow to support the design of

heterogeneous systems.
6) Some of the fundamental Ptolemy Il features are as follows:

o Java, Ptolemy Il is implemented in Java, which allows Ptolemy II to be:
» Platform independent, currently Ptolemy Il runs under Solaris
and Windows.
= Threaded, Ptolemy Il builds on the threading primitives in Java.
o Modularity, Ptolemy Il is composed of software packages that can be
utilized independently.
o Mutable System, Ptolemy Il allows the design to be modified as it is
running.
o Software Architecture, Ptolemy Il has designed with object modelling and

design patterns in mind."

7) BCVTB has proven its wide capability of coupling various softwares and
still being developed for wider compatibilities. The interface of this model
could be expanded to involve other softwares (e.g. Simulink, CATIA or

TRNSYS) in other scenarios, therefore BCVTB has been recommended.
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2.2 Thermal Analogy and Modelling of Electric Devices

2.2.1 Thermal Analogy of the Electric Motor

As the Electric Motor (EM) in the cooling circuit is considered as a heat
dissipative body rather than an electric device, a thermal analogized submodel
based on the rate of heat production inside the EM and the heat transfer to the
ambience (by convection and radiation) will be introduced supported by the

conceptual simple construction of an EM.

2.2.1.1 Motor Specifications

The motor used in the electric vehicle is UQM PowerPhase Select 50.

iv 3B-16 THREAD
B4 BC. X 4

THE" SHAFT
WG KEYWAY

REGISTER @4.0° — REGISTER 26 500"
MOTOR 0D ¢ 8.980 * | ﬁ:} ]

=172
E @ 41m . “
@ 8980 I
i
:1:;; | e _n:rm«n
154" KEYWAY

Figure 2: UQM Motor PowerPhase Select 50

Considering Figure 2 and UQM PowerPhase Select 50 spec. sheet, the EM

has the following specifications and dimensions in mm:

Power: 50 kW peak, 30 kW continuous motor/generator power
* Total mass: 50 kg
« Diameter: 305 mm, Length: 381 mm
_ 1
+ Rotational speed: 13 x 103 ——
min

* Material: 0.5 % silicon low carbon steel

» Average specific heat capacity: 837
(kg.K)
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2.2.1.2 Power Loss Approach (Absolute Power Difference)

Usually, when a machine transforms energy from a form to another, there
are going to be losses. Assuming a steady-state transformation in our case,
heat is the energy loss inside the EM. (see Figure 3)

Heat Losses

Electric Power Electric Motor Mechanical Power

Figure 3: Sankey Diagram for Energy Flow inside the EM

In real life, the heat generated, input and output powers of the EM will so
much depend on the driving style. The thermal analogy of the electric
components as well as modelling and simulation of the thermal management
system are set-up to run on the New European Driving Cycle (NEDC) as a

standardized driving cycle.

In an 11 km cycle, the velocity profile indicates the power consumption and
hence the thermal performance of the thermal management system in two
different driving behaviours inside the FCEV. The first one includes four
repeated UDCs and represents an urban drive style, characterized by low
speeds and low loads. The second part, called EUDC and represents an extra-

urban drive style, corresponds to a more aggressive driving style. (see Figure 4)
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Figure 4: Velocity Profile of One New European Driving Cycle (NEDC)
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In the approach above, both the electric and mechanical powers (input and
output powers) for the EM in DLR test vehicle HT-BZ-REX were logged for 3
New European Driving Cycles (NEDC). In DC motors, the absolute value of the
difference between the electric and mechanical powers (abs(Peec —
Pnecn) represents the power lost for the heat generation which will then be fed

to the LT cooling circuit. (see Figure 5)
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Figure 5: Recorded Electric and Mechanical Powers of the EM through Dyno Roller Testbench
(Test Date: 03.09.2013)

For faster simulation, this approach has been chosen between another one
that calculates copper, hysteresis energy losses and the eddy current losses as
main heat generation sources inside the EM. Using the logged data for coil
resistance, magnetic flux density, frequency and current, the three different
types of losses are calculated each second. This approach is going to be
described in appendix A (page 76). In Figure 5, the operation of the EM is
subjected to 3 different conventions. This justifies the existence of negative
values for both the electric and mechanical powers while operation depending

on the driving conditions and style. (see Table 1)

Table 1: Different Conventions for the EM Operational Conditions

Electrical power Mechanical power Condition
Positive Positive Motoring
Negative Negative Generating
Positive Negative Braking

As shown in Figure 5, the time domain has been set to 3 NEDCs (3x1180 s)

to have enough observation for the EM performance. Further on, the simulation

stop time for each submodel and for the thermal management system will

always be 3540 s.
[Ahmed Hussein]
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The EM main thermal modelling idea was to cool it down by forced heat
convective transfer to the coolant in a cooling jacket surrounding the core. (see
Figure 6)
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—
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WindingZCore G=G -
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G=T74
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Figure 6: EM Excluded Thermal Submodel

The heat transfers from winding to rotor through air gap by heat convection
and to the core by heat conduction. The heat transfer to the ambience would be
through radiation from the casing. Because the absolute inlet velocity of coolant
to the jacket, jacket’'s dimensions, flow Reynolds (Re) and Prandtl (Pr) numbers
inside the jacket were unknown, this cooling approach has been excluded. Also,
because of difficulty in determining the exact weight ratio between the EM
construction parts as well as the air gap area, the EM has been then denoted by
a single heat capacitor (as shown in Figure 7), where the thermal capacity is
calculated using the EM specifications and the equation:

C=cp-m
C is the thermal capacity [%] , Cp s the specific heat capacity [kgLK] (1)

m is the mass [kg]

Since the total thermal capacity of the EM will always be the same
;disregarding whether it is modelled as a single heat capacitor or distributed
among four heat capacitors, the following thermal submodel should be valid for
the analogy. And since there are no means of internal heat transfer between
EM’s construction parts, there is no subjection to various heat transfer
efficiencies that leads; eventually, to a reduction in the heat generated from the
EM. In other words, the following thermal submodel expresses a tough heat

generation for the LT cooling circuit to sustain.
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Figure 7: EM Final Thermal Submodel

The difference between the electric and mechanical powers (power l0ss) is

fed to the above model; each second during the simulation, through a

prescribed heat flow. (see Figure 8)

8

7

IPelec.-Pmech.l [kWV]
B

-

0

0]

500

! :[ | —1Absolute Polwer Different.:e fed to EM

1000 1500 2000 2500 3000 3500
Time [s]

Figure 8: Absolute Power Difference fed to the EM Thermal Submodel

The ambient temperature in this model and all the following models has

been set to 30 °C which represents the average air temperature in July 2010

(hottest month in the year) in Germany according to Germany's National

Meteorological Service (DWD)."

In the above thermal submodel, the thermal heat transfer from the EM will

only be to the ambience through free convection by air and radiation.
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For a linear free heat convection, the value of the thermal power is

calculated as follows:

dQ _
— = G AT()

2
where G, =A-h

Q is the thermal energy [J]
AT (t) is the time — dependent thermal gradient between EM and the ambience [K]

A is the motor surface area (heat transfer area) [m?]

w
h is the convective heat transfer coefficient [mz K]

For air-cooled machines, the amount of h has been empirically

w ]vi
m2Kl

approximated to the value of 12 [

To calculate the surface area of the EM, the dimensions in page 5 have
been used. Since the EM has a cylindrical shape, the heat transfer area
consists of the area of both ends plus the side area as follows:

—[2.(F 42 _ 2
A=z (4d )]+ mdl = 051111m )
Now to calculate the thermal power by heat radiation, the following equation

has been used:

Q=G o (T} —T;)
4

where G, =€- A

Q is the thermal power [W]

m2. K4]

T, and T, are Body and ambient temperatures [K]

o is Stephan Boltzman constant = 5.67e ™8 [

A is the motor surface area (heat transfer area) [m?]

€ is the thermal emissivity

The thermal emissivity of the EM has been chosen according to the EM’s

construction material, where e equals to 0.04.
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As the thermal submodel simulates, the EM’s temperature continues to rise.
The curve shown in Figure 9 demonstrates the temperature rise inside the EM’s
body and Figure 10 shows the net value of heat generation after heat

dissipation to atmosphere by means of free convection and radiation.
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Figure 9: Temperature Rise inside the EM

The illustrated curves in both figures taking into account only the cooling
effect of the ambient air and not yet the effect of cooling this thermal submodel
by the LT cooling circuit which will be later discussed in details.
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Figure 10: Heat Generated out of the EM Thermal Submodel

The figure above illustrates the final heat generated out of the EM thermal
submodel which is measured at the heat port (dQ_EM) and transferred to the
LT cooling circuit as will be discussed later on.
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2.2.2 Thermal Analogy of Power Electronics Module

The Power Electronics Module (PEM) is a set of solid-state electronics
which are accountable for rectifying, inverting and converting the electric power
to and from the EM.

At an output power of 100 kW, e.g., 3 kW of losses arise even with 97 %
conversion efficiency. These losses concentrate on chip areas getting smaller
and smaller that leads to extremely high heat flux densities. Therefore, highly

vii

effective cooling is indispensable™.

2.2.2.1 Power Electronics Module Specifications
The module used in the electric vehicle is for UQM PowerPhase Select 50

motor.
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Figure 11: Side View for the PEM in UQM PowerPhase Select 50

Considering Figure 11 and UQM PowerPhase Select 50 spec. sheet, the
power electronics module has the following specifications and dimensions in

mm:
» Total weight: 10 kg
* Length: 186 mm, Width: 313 mm and Height: 760 mm

» Casing material: Copper

» Average specific heat capacity: 837
(kg.K)
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2.2.2.2 Power Loss (Heat Generation) Approach

Similar to the EM, the data logged for the power loss inside the Power
Electronics Module (PEM) in DLR test vehicle HT-BZ-REX was logged for 3
NEDCs. This data will be fed to the PEM thermal submodel as input data of the
heat flow in kilowatts. (see Figure 12)
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Figure 12: Power Loss Values fed to the PEM Thermal Submodel (Recorded through Dyno Roller
Testbench (Test Date: 03.09.2013))

The first modelling approach of the PEM was similar to the EM. The cooling
would be done by forced heat convective transfer to the coolant in a cooling bed
surrounding the casing and that the heat transfer to the ambience will be
through heat radiation. (see Figure 13)
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Figure 13: PEM Excluded Thermal Submodel
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Also because the absolute inlet velocity of the coolant to the cooling bed,

bed’s volume, flow Reynolds (Re) and Prandtl (P;) numbers were unknown, this
cooling approach has been excluded.

The modelling idea in the thermal submodel below depends on cooling the

PEM through free heat convection and radiation heat transfer to the ambience.
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Figure 14: PEM Final Thermal Submodel

In Figure 14, the heat capacity has been calculated using the PEM
specifications and equation (1). The heat transferred by free convection and

radiation has been calculated using equation (2) and equation (4) respectively.

Since the PEM casing is actually a cuboid with 3 repeated different faces,
the total surface area has been calculated as follows:

A= (2-Areaof Facel) + (2 Area of Face2) + (2 - Area of Face3)
= (2-0.1860.313) + (2 - 0.186 - 0.760) + (2 - 0.760 - 0.313) 5)
= 0.875 m?
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As the thermal submodel simulates, the temperature of the PEM
continues to rise. The temperature curve shown in Figure 15 demonstrates the
temperature rise inside the PEM’s body and Figure 16 shows the net value of
heat generation after heat dissipation to atmosphere by means of free
convection and radiation.
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Figure 15: Temperature Rise inside the PEM
The illustrated curves in both figures taking into account only the cooling
effect of the ambient air and not yet the effect of cooling this thermal submodel

by the LT cooling circuit which will be later discussed in details.
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Figure 16: Heat Generated out of the PEM Submodel

The figure above illustrates the final heat generated out of the PEM thermal
submodel which is measured at the heat port (dQ_PE) and transferred to the LT

cooling circuit as will be discussed later on.
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2.3 Thermal Management System in the Electrical Vehicle

Refrigeration Circuit
Battery Cooling Circuit
LT Cooling Circuit

‘ HT Cooling Circuit

¥
L ]

Engine I\ Passenger
Compartment 1 | Compartment -

|
i

D
j
.

Power Electric |
Electronics Motor |

Figure 17: Cooling and Air Conditioning Circuits’ Proposed Layout

L 4

Figure 17 demonstrates a basic simplified combination of cooling and air
conditioning circuits in an EV, using DLR test vehicle HT-BZ-REX as an

example for a FCEV.

The thermal management system described above consists of Battery, High,

Low temperature cooling circuits and an air conditioning cycle.

The HEXs on the left are contained inside the volume of the engine
compartment, while the HEXs on the right are located inside the passengers

compartment for air conditioning purposes (summer cooling and winter heating).

The air mass flow rate that flows on (couples) the HEXs’ arrangement in the
engine compartment is controlled and regulated according to the operating
temperatures of the EM and the fuel cell stack as being the top heat generators

in the thermal management system.

The HEXSs’ arrangement proposed in the engine compartment, accounts for
the graduation of the operating temperature of each component inside each
cooling circuit. As air is the cooling medium inside the engine compartment;
where all the HEXs lie, a sufficient temperature difference between the air and

the HEX should be maintained at each HEX for sufficient heat transfer.
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This means, that the Battery HEX has the lowest radiated heat (according to
the logged data of the test vehicle) and the amount of heat radiated from each
HEX increases in the direction of the air flow ;gradually, till it reaches the FC
stack’s HEX. The temperature of the air volumetric flow leaving the Battery HEX
per time will then be lower than the temperature of the condenser HEX. Thus, a
cooling effect for the air is maintained. This explanation could be also applied

on the rest of HEXs in the engine compartment.

Based on the simulation results, other substitutive arrangements will also be
suggested in this paper, considering sufficient cooling for the electric devices

inside the cooling circuits.

The air volume flow rate flowing on the HEXs’ arrangement in the passenger
compartment is controlled by the user as in any ordinary air conditioning system

inside a passenger car.

In this project, the HEXs arrangement proposed in the passenger
compartment is not of a significant purpose. Since the HEXs will; presumptively,
operate alternatively; in summer and winter, to satisfy a thermal comfort inside

the cabin, their positions; in different approaches, could be easily altered.

However; in reality, the evaporator of the A/C cycle would operate
simultaneously with the heater for air humidification and thermal comfort during
cold weather conditions. Therefore, its position should always precedes the

heater’s location.

Furthermore, each cycle will be separately explained how it is designed,
modeled, controlled and simulated in Dymola and BCVTB interfaces in the

following sections.
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2.3.1 Low Temperature Cooling Circuit (LT Cooling Circuit)
- ——— PID Controller l¢—— —

‘ 7y
\ |

\ r—-

y———

Controlled Pump

()
Transmitter

T
air in E D 9
NT HEX
e oy
EM
—>
air out

Figure 18: Low Temperature Cooling Circuit P&ID

Now after the thermal analogy for the EM and PEM is done, the second step

is to establish the cooling circuit which contains both of them.

In Figure 18, the LT cooling circuit is designed to serve cooling down both
the EM and the PEM inside the FCEV. The circuit consists mainly of a tank
(coolant source), pump (flow source), hydraulic pipes, hydraulic pipes with heat
transfer and a double-pipe HEX. Since EM and the PEM are heat inputs to the

circuit, they have been denoted by heat sources in the above P&ID.

The setting temperature for cooling the EM is 70 °C and is used as an input
parameter to the proportional-integral-derivative (PID) controller. The
temperature of the coolant entering the EM is measured and sent to the PID
controller to control the mass flow rate of the cooling pump. The same signal
will be also sent to another PID controller to control the air mass flow rate over

the HEXs’ arrangement in the engine compartment.

The heat generated by the PEM is very low compared with the EM.
Therefore; for simplification, the temperatures at the PEM are only measured for

observation but not for the feedback control of the cooling pump.

At safe working temperatures, the coolant will be circulated with a small flow

rate as a product of a low coolant pump rotation speed.
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The NT HEX is to cool down the coolant inside the circuit by air. Therefore,
one of its 2 paths is filled with coolant and the other is filled with air from the
cooling fan positioned inside the engine compartment in front of the HEXS’

arrangement.

The air mass flow rate that flows in the HEX above is the same which flows
over all the HEXs’ arrangement in the engine compartment as they are coupled

from the air side inside the engine compartment. (see Figure 17)

Since the air flow over the HEXs’ arrangement in the engine compartment
starts at the Battery HEX in the Battery cooling circuit, it will later be illustrated
and explained when discussing the layout of the Battery cooling circuit in
section 2.3.2.

As mentioned before, the air mass flow rate is controlled in accordance to
the temperatures of the EM and the fuel cell stack (FC) being the top heat
generators in the thermal management system. The control strategy will be
clearly discussed through the layout of the circuit's control module in the

following sections.
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In translation to Figure 18, the following Dymola model signifies a basic and
simplified example that describes the main structure for a LT cooling circuit in
an EV.

The cooling circuit will basically consist of a tank (coolant source),
prescribed flow (acts as a pump), dynamic pipes, dynamic pipes with heat
transfer (heat sources), temperature sensors, system block (defines the
ambient conditions), control bus and a HEX. (see Figure 19).
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Figure 19: LT Cooling Circuit Model

The aim of developing this model and the following subsequent models is to

study the sustainability of heat load and effectiveness of cooling on a
substantial level.

It might not signify the exact structure of a real cooling circuit, but it basically
contains the main components for the cooling operation. On the modelling
basis, this model and the following models represent a good elementary
approach for engineers in DLR to develop a sophisticated and plausible models

that simulate an actual thermal management system in details.

[Ahmed Hussein] 20



Hochschule Offenburg Deutsches Zentrum fiir Luft- und Raumfahrt

‘Approach For A Simultaneous Simulation Of Cooling And Air Conditioning Systems In Electric Vehicles’

2.3.1.1 Fluid Properties
In Figure 19, the coolant is pumped to the system by the prescribed flow
block which is controlled by the control module that will be described later in

details.

The coolant is then directed to straight dynamic hydraulic pipes with
distributed mass, energy and momentum balances. Two of these pipes are
provided with heat transfer which comprise the heat load of the EM and PEM to
the circuit. The coolant is then directed to a double-pipe HEX with a counter
flow. One of those pipes contains the liquid coolant (1,2-Propylene glycol, 47 %
mixture with water); designated by (Medium_inner) and having the following

properties:

Table 2: Coolant Properties in the LT Circuit

Properties Value
Boiling Point (°C) 105-107 at 1 bar
Freezing Point (°C) -29 at 1 bar

0.25 mm/year for Steel

Corrosion Rate (mm/year) 0.004 mm/year for Copper

Specific Heat [kJ/(kg.K)] 3.875at 30 °C

Density (kg/m°) 1024 at 30 °C
Thermal Conductivity (W/m.K) 0.4529 at 30 °C
Dynamic Viscosity (mPa.s) 2.5886 at 30 °C*

This coolant is commercially wide-spread as an anti-freezing noncorrosive
organic solution. It is also; like most glycols, has very low volatility and very low

toxicity.

In the other pipe of the HEX flows Moist Air (240 ... 400 K) designated by
(Medium_outer). The air side in the HEX will be then connected with the
Condenser in the A/C cycle from a side and with the Main HEX in the HT
cooling circuit from the other side; inside the engine compartment, to apply the
coupling between models. This air package has been chosen to account for
moist air-cooling under near atmospheric pressures. It also covers the
possibility of moist presence inside the HEX in foggy days. Plus its wide
operational temperature range (from 240 to 400 K) and its properties’ validity,

even with the presence of excess water in the cooling air.
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2.3.1.2 Defining Ambient Conditions
Defining the ambient conditions is something that should be done from the

beginning.

Due to common interfaces and base classes, most of the models contain

similar configuration parameters.

It would be boring to open all individual configuration dialogs in order to
change the same setting in all models. This is why Modelica.Fluid defines a
System object providing global defaults for all components in the LT model.

(see .Figure 20)

7 — -
system in All_in_one.All_in_one_test d . . (L9 [

General | Assumptions Initialization | Advanced | Add modifiers |
Companent Icon

Mame system System

defaults|

Comment \/. g

Model

Path Modelica.Fluid. System
Comment System properties and default values (ambient, flow direction, initialization)

Environment

p_ambient v bar Default ambient pressure
T_ambient 0+27315r K Default ambient temperature
a v mfs2  Constant gravity acceleration

" (o J [ o [ o ]

Figure 20: General Parameters of the System

If a parameter is changed inside the system block, the selection will be

propagated to all model’s components.

In the figure above, the ambient temperature for the whole circuit
components has been also set to 30 °C just like for the EM and the PEM

thermal submodels. (see page 9)

The default values for the ambient pressure and the gravity are 1.01325 bar

and 9.8 m/s?, respectively.
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system in All_in_one.General_Model_1.Ahmed [ilﬂ_hj

General | Assumptions | Initialization I Advanced [ Add modifiers
allowFlowReversal v = false to restrict to design flow direction (port_a -> port_b)
Dynamics
energyDynamics Modelica, Fluid. Types. Dynamics, SteadyStatelnitial v » Default formulation of energy balances
massDynamics v Default formulation of mass balances
momentumDynamics v Default formulation of momentum balances, if options available
l
{ oK ] [ Info 1 l Cancel J

—— [ __a—— - —

Figure 21: System Assumptions

A typical fluid model would have dynamic energy and mass balances

together with steady-state momentum balances.

In Figure 21, the enumeration chosen to define the formulation of energy

balances in the LT model was set to “SteadyStatelnitial”.

Because the thermal phenomena in the whole model is mainly of an interest,
a zero change in temperature or enthalpy (der(T), der(h)) of a one-substance
fluid will be used as initial condition to solve the Differential Algebraic Equation
(DAE) of the energy balance which calculates the heat flow along all model

components.

olpud) _ a(pﬁ(qu’E))A)+19Aap+z9F + 0 (kAaT>+ )
at ox ox Pt o \kAg) T (6)

- J
- J v J ~

~
Energy change Enthalpy change Work change Heat change

This maintains a lossless heat transfer along each pipe’s flow model, such
that the temperature measured at the input port will be as same as the
temperature measured at the output port of the same pipe.

[Ahmed Hussein] 23



Hochschule Offenburg Deutsches Zentrum fiir Luft- und Raumfahrt

‘Approach For A Simultaneous Simulation Of Cooling And Air Conditioning Systems In Electric Vehicles’

In Figure 22, the initialization guess value for the coolant mass flow rate
inside the LT circuit has been set to 0.0001 kg/s. This value has been chosen
as the minimal and to be smaller than the minimum value in the operation range

of the pump’s mass flow rate inside the LT circuit (0.01-0.5 kg/s).

This operational range has been chosen according to empirical values for
the mass flow rate used for cooling down water-cooled EMs with 50 kW output

power.

This initial guess value is needed for the iterative solution for the

mathematical model that the LT circuit represents during the simulation.

At safe operational temperatures for the EM and the PEM, the flow will
circulate with the minimum value in the operational range of the cooling pump
which is 0.01 kg/s.

r A’
system in All_in_one.General_Model_l.Ahr% [i‘i_hj
‘zeneEAlA Assump?ons Initialization "7Advanced 7|7Add modifiers
m_flow_start le-4» kgfs  Default start value for mass flow rates
p_start v bar Default start value for pressures
T _start v degC  Default start value for temperatures
[ oK ] \ Info ‘ ‘ Cancel '

Figure 22: System Initialization Parameters
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2.3.1.3 The Tank

tank in A||_'|n_one.?eneral_Model_l.Ahmed “. ‘_ \ . . ‘ 'R T .- - . - l w S
General Assumptions I Initialization | Advanced | Add modifiers |
Component Icon
Mame tank OpenTank
Comment -y
Model
Path Modelica. Fluid . Vessels. OpenTank
Comment Simple tank with inletjoutlet ports I
Parameters
height 0.5+ m Height of tank
crossArea 0.01+ m2 Area of tank
Medium Medium_inner v Medium in the component
ports ports(each p{start=1e5)) 3 Fluid inlets and outlets
Ports
use_portsData - b = falze to neglect pressure loss and kinetic energy
portsData Modelica.Fluid. Vessels, BaseClasses, VesselPortsData(diameter=0.0 1)} 3 Data of inletjoutlet ports
Initialization
_ curve parameters for port flows vs. port pressures; for further details see, Modelica Tuterial: Ideal
s.start = each start=1 v switching devices
I oK J I Info ‘ I Cancel
_—

Figure 23: Tank General Parameters

As mentioned before, the open tank is only considered as a coolant source

which doesn’t characterize the actual tank tokens.

While choosing the tank, the most important factor was to calculate the
volume which is a multiplication product of both tank’s area and height. Both
parameters are so much dependants on the available volume in the engine
compartment. Thus, they could be simply changed keeping the volume

available for the coolant constant as calculated below. (see Figure 23)

By default and for initialization, the coolant’s level equals to 0.5 of the tank’s
height. This means; at constant area, that the tank’s volume should be double

the coolant’s volume required for the circuit.

As will be discussed later, the total length of coolant pipes in the LT circuit
model; including the coolant path length inside the HEX is 7 m with a diameter
equals to 0.015 m. According to empirical values from water-cooled EMs with
50 kW output power, the maximum operational mass flow rate to cool down the

EM is 0.5 kg/s. Applying the mass flow rate equation:

O=p [%] -:[mz] - [?] 0.5 = 1024-%(0.015)2 ‘v, -

m
vV 28—=—
S t
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The flow rate with 0.5 kg/s consumes 2.6 seconds with the velocity 2.8 m/s
to circulate one cycle through the LT circuit from the output port of the tank back

to the input.

This means, that the pump pumps around 1.3 kg of coolant (0.00127 m®) to
accomplish one cycle through the circuit. To compensate for coolant’s
vaporization, the coolant’s volume inside the tank should be double of this value
(=0.0025 m®). Hence, the tank’s volume will be 0.005 m3 which is the

multiplication product of the tank’s height and cross sectional area in Figure 23.

2.3.1.4 Prescribed Flow

mflow_EM in All_in_one.General_Model_1.Ahmed ._? 2y
General | Assumptions Advanced Add modifiers
Component Icon
Name mflow_EM
Comment @
Model —_
ode PrescribedFl..
Fath All_in_one. General_Model_1.PrescribedFlow
Comment generate flow according to input signal, regardless of inlet state
M| | Parameters
k| Medium Medium_inner v Medium in the component
inputIsviolumeFlow v+ if true, input sets volume flow rate, otherwise mass flow rate
OK ] I Info ‘ I Cancel

Figure 24: Prescribed Flow Properties

As seen in Figure 24, only the medium inside the prescribed flow has been
designated to the coolant inside the circuit and that the flow rate will be
controlled by the control module; as will be illustrated later when discussing the

control, according to the EM’s setting temperature (Tser).

As mentioned before, according to the empirical values from DLR test
vehicle, the operational range of the pump’s mass flow rate inside the LT model
is (0.01-0.5 kg/s).
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2.3.1.5 The Piping System in the LT Cooling Circuit

The pipes inside the LT model are dynamic pipe models with storage of
mass and energy. Each pipe represents a model of a straight pipe with
distributed mass, energy and momentum balances. It provides the complete

balance equations for one-dimensional fluid flow. (see Figure 25)

lengths[1 . lengths[2:n-1 . lengths[n .
:.‘ ............... g ........ [ ] .......... H .................................... g ........ [ ........... ] .............................. H ............... g ........ [ ] .......... ',
) | | L
z, d
i S — . ' \
crossArea... : écrossAreas[E:n—H écrossﬁ\rea...
‘dimension. .. ¢ dimensions[2:n-1] : idimension...
! V... - vs[2:n-1] . V...
oia Lo : Lt pgft_b
m_flows[1] o m_flows[3:n] o m_flows[n+1]
i states[1] i states[2:n-1] i states[n]
‘ I flowhodel I
ki Y i L §
: ¥
; flowlModel.dps_fg[1 flowlModel.dps_fg[2:n-1 ‘
ps_fg[1] - ps_fg[2:n-1] -
L flowhodel pathLengths[1] flowModel pathLengths[2:n-1] :

Y

(ModelStructure av_vb, n=3)

Figure 25: Dynamic Pipe Model with Model Structure (av_vb) & nNodes =3

In DLR HT-BZ-REX test vehicle, the pipes used in the cooling system have

DN 15 standard with an approximated inner diameter of 15 mm.

The total length of the pipes in the LT circuit might not signify the actual
length of the water path in the test vehicle. However; for a rear drive vehicle, the
path from the radiator at the vehicles front to EM in the rear multiplied by two
(for a closed cycle) plus accounting for the cycle’s pressure loss, the value of 7

m would seem reasonable.

The number of pipe models used in the model was decided for the model

consistency in Dymola.

As seen in Figure 25, each pipe is split into n-Nodes equally spaced
segments along the flow path. The partial differential equations are treated with
the finite volume method and a staggered grid scheme for momentum balances.
The default value is nNodes=2. This results in two lumped mass and energy

balances and one lumped momentum balance across the dynamic pipe.
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The default model structure is “av_vb”. The ports port_a and port_b expose
the first and the last thermodynamic state, respectively. Connecting two or more
flow devices therefore may result in high-index DAEs for the pressures of

connected flow segments.”

The simplest possible alternative symmetric configuration, avoiding potential
high-index DAEs at the cost of the potential introduction of nonlinear equation

systems, is obtained with the setting nNodes=1, model structure=a_v_b.

Depending on the configured model structure, the first and the last pipe
segment, or the flow path length of the first and the last momentum balance, are

of half size.

Therefore, in Table 3, only two pipes had the model structure av_vb, while
the rest had the simplified model structure of a_v_b to avoid the high-index
DAES’ error.

The heat transfer component in Figure 25 specifies the source term @, in
equation (6). Since the pipes PE and EM represent the heat load from the PEM
and EM thermal submodels to the LT circuit, the heat transfer model in those

pipes have been activated to allow for the heat load transfer.

The heat transfer model in the PE and EM pipes has been set to
“IdealHeatTransfer” allowing no thermal resistance by the pipes since it has

been already considered in the thermal submodels for both PE and EM devices.

The table below describes the pipes’ parameters and details:

Table 3: Pipes’ Parameterization in LT Model

Parameter
Pipe in model Length (m) Heat transfer HEIE nNodes
structure
pipe2 1 not allowed av_vb 2
PE 1 allowed av_vb 2
pipe_vor NTK 2 not allowed avb 1
EM 1 allowed avbhb 1
pipe _nach NTK 2 not allowed avb 1
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2.3.1.6 Heat Exchanger in LT Cooling Circuit

The first approach was to use the HEX from the A/C library for better ability
to control the spatial discretization between the fins and between the coolant
baffles on both the air and refrigerant paths; respectively. For better control of
the heat transfer area, the width and depth of the HEX could also be changed

along with the refrigerant flow scheme inside the HEX. (see Figure 26)

dlr
i Ot O%E
\ spatial segment refrigerant /_(:{- (“(
outlet :‘" et
\ refrigerant, flat tube < > : @ : @ .
\\\\\ lochrcd lllllllll E llllllllll E llllllllll 3
B .
\M flat tube —> (D=3
A, v : :
A e ed

- air
Figure 26: HEX Model in the A/C Library

When both air and refrigerant flow models inside the HEXs from the A/C
library have been changed to match with the mediums of the free modelica
library (1,2-Propylene glycol, 47 % mixture with water and Moist Air) used in the
LT model, compilation errors have been resulted due to the difference in the
fluid model properties between both of them. Therefore, this approach has been
excluded. The second option is to use the simple HEX model from free
modelica fluid library. It basically consists of two heat generating pipes with
countered flow connected with each other through a wall. (see Figure 27)

pipe_2
-~

port_b1
O
port_a2
—®
pipe_1
. Figure 27: Free Modelica HEX Model
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i S— e <
generalCiruit NT in All_in_one All_in_one_test D |-

General | Assumptions Initialization Add modifiers
Component Icon

I; generalCiruit. NT

lame g i

Comment

Model -

Path Modelica. Fluid Examples. HeatExchanger. BaseClasses.BasicHX
Comment Simple heat exchanger model

Parameters -

nModes Spatial segmentation

v
length 3 Length of flow path for both fluids
s_wall 3 wall thickness
use_HeatTransfer - r = true to use the HeatTransfer_1/_2 model
Fluid 1 A
crossArea_1 0.715 » m2 Cross sectional area
perimeter_1 3rm Flow channel perimeter
area_h_1 3*42%0.2 * m2  Heat transfer area
roughness_1 om Absolute roughness of pipe (default = smooth steel pipe)
Fluid 2
crosshrea_2 1.767e-4 » m2 Cross sectional area
perimeter_2 0.047 ¢ m Flow channel perimeter
area_h_2 3%42%0.2 » m2  Heat transfer area
roughness_2 Fom Absolute roughness of pipe (default = smooth steel pipe) -

l OK ] I Info I I Cancel

Figure 28: LT Heat Exchanger Parameters

In Figure 27 and unlike the HEX from the A/C library where the coolant
would have been cooled down by the ambient air flowing over louvered fins
(first excluded approach); in the simple model of modelica HEX, the first pipe
(denoted by Fluid_1) will carry the ambient air flowing over the HEX, while the
second pipe (denoted by Fluid_2) carries the coolant flow inside the LT circuit

for heat transfer.

Since this HEX will be connected with the condenser from the A/C model
which is actually a HEX from the A/C library, the sizing of the air and coolant
paths in the HEX above; in this case, is necessary. The sizing has been based
on calculating the air flow segmentation and discretization inside the condenser
with the recourse of the fin geometry and spacing. To account for the
perimeters’ difference, a calculated value of 42 has been multiplied by the
multiplication product of the flow path length and channel perimeter in the LT

HEX’s heat transfer area.
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The keyword for enhancing the cooling effect of a HEX is to increase its
surface area. The surface area of the LT HEX is a product of the flow path
length, flow channel perimeter and the number of the tubes’ discretization inside

the flow path.

As a main requirement, the sizing of the HEXs in the whole circuit was a top
challenge from the beginning. Since the whole project relies on the idea of
designing a sufficient cooling system to be as much convincing as applicable in
reality, the compromise has arisen between designing a system that cools down
the components and to have as minimal (able to be manufactured)
measurements as possible to be introduced as a feasible solution.

The alternative for using one large HEX with the above measurements, is to
double or sometimes triple the number of the HEXs used inside the model. This

approach has not been only used in the LT model, but also in the other circuits.

In Figure 28, the perimeter of the air flow channel was the changed value to
increase the area of the HEX. The value has been increased; gradually, with
observing the temperature rise during the simulation run along with the cooling
process till it reached the value of 3 m, when increasing the perimeter will no

further have an enhancing effect on the cooling process.

The cross sectional area of the air flow channel was then calculated with

correspondence.

The nNodes for the spatial segmentation (42) as well as the length of the

flow channel (0.2 m) have been always constants.

In correspondence on the coolant side, the heat transfer area would be the
same and the flow channel cross sectional area and flow perimeter were
calculated based on the diameter of 0.015 m, which is the same diameter used
for the coolant pipes in the LT model. The nNodes for the spatial segmentation
(42) as well as the length of the flow channel (0.2 m) have been always

constants.
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2.3.2 Battery Cooling Circuit
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Figure 29: Battery Cooling Circuit P&ID

In Figure 29, the battery cooling circuit is designed to serve cooling down the
Battery inside the FCEV, while the PTC (Positive Temperature Coefficient)

device serves as a heater to heat up the Battery to the operational temperature.

As the operating temperature for the Battery should not exceed the amount
of 40 °C, the mass flow rate for the cooling pump will also be controlled and
regulated just like in the LT model. The temperature of the coolant entering the
Battery is measured and sent to the PID controller for the feedback control. The
mass flow rate of the cooling pump is then controlled and regulated to maintain

a safe operating temperature and sufficient cooling.

At safe working temperatures, the coolant will be circulated with a small flow

rate as a product of a low coolant pump rotation speed.

As mentioned before, the air flow entering the HEXs’ arrangement in the
engine compartment and couples the HEXs, starts from the Battery cooling
circuit model. The air volume flow rate of the fan is controlled by a PID controller
which uses the temperature of the coolant entering the EM in LT model and the
fuel cell stack (FC) in the HT model; being the maximum heat sources in the

thermal management system, for the feedback control.
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In translation to Figure 29, the model illustrated below represents a basic
and simplified cooling circuit that cools down the Battery. Its structure and
components are similar to the LT cooling circuit. The Battery has been denoted
by a dynamic pipe model with heat transfer, while the air mass flow rate to the
system will be through an air mass flow source connected to the HEX and

controlled by the control module. (see Figure 30)
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Figure 30: The Battery Cooling Circuit Model

Since the cooling phenomena is what of importance in the model above, the
PTC has not been included. Additionally, it only operates when the battery’s
operational temperature has not been yet reached, which is the condition for the

vehicle’s operation.

2.3.2.1 Fluid Properties

The same coolant used in the LT model, is also used in the Battery cooling
circuit (1,2-Propylene glycol, 47 % mixture with water). Since the HEXs in both
circuits are coupled from the air side, they will also share the same air
properties of the Moist Air (240 ... 400 K) package. (see 2.3.1.1p. 21)

2.3.2.2 Defining Ambient Conditions
The ambient conditions defined for this model are similar to the ambient

conditions defined for the LT cooling circuit model. (see pp 22-24)

The initialization guess value for the coolant mass flow rate inside the
Battery cooling circuit’s model has been also set to 0.0001 kg/s. According to
the empirical values from DLR test vehicle, the operational range of the pump’s

mass flow rate inside the Battery model is (0.01-0.2 kg/s).
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2.3.2.3 The Tank

Since both LT and Battery circuits were separately modelled and tested
before coupling, a separate tank was specified for each of them. In reality, only
one tank; as a coolant source, will be used for both the LT and Battery cooling

circuits since they are sharing similar coolant properties.

As a separate tank, it should be dimensioned up on the maximum coolants’

mass flow rate inside the circuit, the pipes’ lengths and diameters.

The diameter of the pipes is always 0.015 m and the total length of the pipes
in the Battery’s circuit is 3 m. Using equation (7), the coolant’s volume inside the
tank will be 0.002 m®.

2.3.2.4 Prescribed Flow

Only the medium inside the prescribed flow has been designated to the
coolant inside the circuit and that the flow rate will be controlled by the control
module; as will be illustrated later when discussing the control, according to the

Battery’s setting temperature (Tser).

Since the air mass flow to the HEXs in the engine compartment starts from
the Battery cooling circuit, an air mass flow source with prescribed flow rate and
temperature has been connected to the air side of the HEX in the circuit and
controlled by the control module which uses the temperatures of the EM and the

fuel cell stack for regulation. (see Figure 31)

f boundary in All_in_one.General_Model_1.Ahmed l D)
Component Icon
Name boundary nl-lffssr-lcv.'::é. .
Comment
Model
Path Modelica.Fluid. Sources, MassFlowSource_T
|| Comment Ideal flow source that produces a prescribed mass flow with prescribed temperature, mass fraction and trace substances
Parameters
Medium Medium_outer 4 Medium model within the source
use_m_flow_in |V 3 Get the mass flow rate from the input connector
use_T_in 3 Get the temperature from the input connector
use_X_in 3 Get the compaosition from the input connector
use_C_in 3 Get the trace substances from the input connector
m_flow v kgfs Fixed mass flow rate going out of the fluid port
T v degC  Fixed value of temperature
X v kglkg  Fixed value of composition
C + Fixed values of trace substances
[ OK ] | Info | | Cancel
— e

Figure 31: Air Mass Flow Source in the Battery Cooling Circuit
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Based on empirical values from DLR test vehicle, the operational range of
the cooling fan (air mass flow rate) in the HEXs’ arrangement inside the engine
compartment is (0.16-0.66 kg/s).

2.3.2.5 The Piping System in the Battery Cooling Circuit

The pipes inside the Battery cooling circuit's model are dynamic pipe models
with storage of mass and energy. The diameter of all pipes is 0.015 m and their
total length is 3 m according to DLR test vehicle. In the total pipe length, the
cycle’s pressure loss has been accounted for. The number of pipe models used

in the model was decided for the model consistency in Dymola.

In order to avoid high-index DAESs, the model structures of the pipes in the

Battery cooling circuit's model have been chosen as follows:

Table 4: Pipes’ Parameterization in Battery Cooling Circuit’s Model

Parameter
Pipe in model Model
Length (m) Heat transfer structure nNodes
Batterie 1 allowed avb 1
pipe 1 not allowed av_vb 2
pipel 1 not allowed av_vb 2

The thermal load of the Battery was measured during DLR test vehicle’s trip
for 3 NEDCs in kilowatts and fed to the Battery cooling circuit's model by a
prescribed heat flow through the “Batterie” pipe with the heat transfer model.
(see Figure 32)

1.2 T I T _ I

I
Battery's Heat Load

Heat Power [kK\\]
Q o
o (s3]

o
'S

o 500 1000 1500 2000 2500 3000 3500
Time [s]
Figure 32: Recorded Battery’s Heat Load through Dyno Roller Testbench (Test Date: 03.09.2013)
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2.3.2.6 Heat Exchanger in Battery Cooling Circuit
The HEX used in the Battery cooling circuit's model is simple HEX from the

modelica fluid library. (see Figure 27)

Similar to the approach used in the LT model, the HEXs from the A/C library
were to be used in the Battery cooling circuit model and for the same reason,

this approach has been excluded.

The approach used in sizing the HEX in the Battery cooling circuit is the

same used in sizing the HEX used in the LT cooling circuit.

In Figure 33, the perimeter of the air flow channel was the changed value to
increase the area of the HEX. The value has been increased; gradually, with
observing the temperature rise during the simulation run along with the cooling
process till it reached the value of 0.25 m, when increasing the perimeter will no

further have an enhancing effect on the cooling process.

- == "
generalCiruit.Battery in All_in_one.All_in_one_test ? P

General | Assumptions Initialization Add modifiers

Component Icon

Name generalCiruit.Battery

- X
Comment

Model -

Path Modelica. Fluid.Examples. HeatExchanger.BaseClasses. BasicHX,
Comment Simple heat exchanger model

Parameters -

Spatial segmentation
Length of flow path for both fluids
wall thickness

rModes

length

s_wall

use_HeatTransfer - = true to use the HeatTransfer_1/ 2 model

Fluid 1

m

crossArea_1 0.048 » m2 Cross sectional area

perimeter_1 0.785r m Flow channel perimeter
HeatTransfer_1 EE + Heat transfer model
area_h_1 0.785%42%0,2 » m2  Heat transfer area
roughness_1 rom Abzalute roughness of pipe (default = smooth steel pipe)
Fluid 2
crosshres_2 1.767e-4 v m2 Cross sectional area
perimeter_2 Q047 v m Flow channel perimeter
area_h_2 0.785%42%0,2 + m2 Heat transfer area -
[ Ok ] | Info | | Cancel

Figure 33: Battery Heat Exchanger Parameters

In correspondence on the coolant side, the heat transfer area would be the
same and the flow channel cross sectional area and flow perimeter were
calculated based on the diameter of 0.015 m, which is the same diameter used
for the coolant pipes in the Battery model. The nNodes for the spatial
segmentation (42) as well as the length of the flow channel (0.2 m) have been

always constants.
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2.3.3 High Temperature Cooling Circuit (HT Cooling Circuit)
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Figure 34: HT Cooling Circuit P&ID

In Figure 34, the HT cooling circuit is designed to serve cooling down the
fuel cell stack in the FCEV. As it is clearly illustrated above, there are two HEXs
connected to the FC cooling circuit. One of each exchanges the heat with the
ambience (Main HEX) and the other exchanges the heat with the passengers’
compartment (Cabin HEX). As the air-conditioning load is the largest ancillary
load in the vehicle, the idea depends on mitigating the working temperature of
the fuel cell stack to remain within the safe range and at the same time make
use of the heat generated to heat up the compartment (cabin) of the vehicle as

an air conditioning technique; when required, at cold weather conditions.

Since the operating temperature for the fuel cell stack should not exceed the
amount of 160 °C, the temperature of the coolant entering the FC will be sent to
a PID controller to control the air mass flow rate over all the HEXs’ arrangement

contained in the engine compartment. (see Figure 29)

Since the coolant temperature difference between the inlet and outlet ports
of the FC should not exceed the amount of 10 °C, the temperature difference
between the coolant entering and exiting the FC will be sent to another PID to

control the coolant mass flow rates to the Main and Cabin HEXs.
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In Figure 34, since the heat transfer from the coolant inside the circuit to the
working mediums (ambient air and cabin air) will so much depend on the
pump’s mass flow rate, a separate pump has been specified for each HEX for
better and simpler mass flow rate control.

The pumps’ combined mass flow rates required to cool down the FC are
controlled so that the share of each HEX from the coolant’s volume through its
pump will be defined by the user according to the air conditioning demand for
heating.

The HT cooling circuit will basically consist of a tank (coolant source),
prescribed flows (act as a pumps), dynamic pipes, dynamic pipes with heat
transfer, temperature sensors, system block (defines the ambient conditions),

control bus, tee junction and HEXs. (see Figure 35)
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level =
TemperatureNachfC
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Figure 35: HT Cooling Circuit Model

The HEXs are controlled so that the Main HEX will mainly exchange heat
with the ambience to cool down the FC, while the cooling pump for the Cabin
HEX will only work according to the passenger’s will in cold weather conditions
for air conditioning. So, the cooling action of the HEXs will be divided between
cooling down the FC and heating up the Cabin.

Just like in the Battery cooling circuit, the PTC has not been included,
because the cooling phenomena in the model is what of importance.
Additionally, it only operates when the FC’s operational temperature has not

been yet reached, which is the condition for the vehicle’s operation.
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2.3.3.1 Fluid Properties

Since the HEXs in the vehicle are coupled from the air side, the air flowing
over the HEXs in each arrangement will always have the same properties
(assuming 100 % fresh air to the Cabin). Therefore, the air model in the HT
circuit has been chosen to be Moist Air (240 ... 400 K).

As the temperature inside the HT circuit increases above 150°C, the vapour
pressure of the water content inside the coolant increases rapidly, and the
problems of structural strength for processing equipments becomes more and
more severe. Thus; with high temperature systems, it becomes increasingly
important to consider fluids with vapour pressures lower than water. That is why
Essotherm thermal oil is chosen.

Essotherm 650 is a heat transfer fluid recommended where bulk
temperature does not exceed 340 °C in closed systems. Essotherm is used for
most conventional applications because of its low volatility, good low
temperature performance, low corrosivity, relatively low viscosity, and good heat

transfer properties.

Table 5: Coolant Properties in the HT Circuit

Properties | Value |
Boiling Point (°C) 430 at 1 bar
Flow Poaint (°C) -9 at 1 bar

Flash Point (°C) 300 at 1 bar
Vapour Pressure (mbar) 0.1 at 160 °C
Specific Heat [kJ/(kg.K)] 1.88 at 30 °C
Density (kg/m°) 890 at 30 °C
Thermal Conductivity (W/m.K) 0.128 at 30 °C
Dynamic Viscosity (mPa.s) 1172 at 30 °C*

2.3.3.2 Defining Ambient Conditions
The ambient conditions defined for this model are similar to the ambient

conditions defined for the LT and Battery cooling circuit models. (see pp 22-24)

The initialization guess value for the total coolant mass flow rate inside the
HT cooling circuit's model has been also set to 0.0001 kg/s. According to the
empirical values from DLR test vehicle, the combined operational range of the

pumps’ mass flow rates inside the HT model is (0.16-0.5 kg/s).
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2.3.3.3 The Tank
Since the coolant properties in the HT circuit is different than the coolant in

both LT and Battery circuits, a separate tank has been specified.

As a separate tank, it should be dimensioned up on the maximum coolants’

mass flow rate inside the circuit, the pipes’ lengths and diameters.

Based on empirical values, the diameter of the pipes is always 0.015 m and
the total length of the pipes in the HT circuit is 4 m. Using equation (7), the

coolant’s volume inside the tank will be 0.003 m®.

2.3.3.4 Prescribed Flow

Only the medium inside the prescribed flows has been designated to the
coolant inside the circuit and that the flow rates will be controlled by the control
module; as will be illustrated later when discussing the control, according to the

temperature difference between the inlet and outlet ports of the FC.

2.3.3.5 The Piping System in the HT Cooling Circuit

The pipes inside the HT cooling circuit's model are dynamic pipe models
with storage of mass and energy. The diameter of all pipes is 0.015 m and their
total length is 4 m according to DLR test vehicle. In the total pipe length, the
cycle’s pressure loss has been accounted for. The number of pipe models used

in the model was decided for the model consistency in Dymola.

In order to avoid high-index DAESs, the model structures of the pipes in the

HT cooling circuit's model have been chosen as follows:

Table 6: Pipes’ Parameterization in HT Cooling Circuit’s Model

Parameter
Pipe in model Length (m) Heat transfer o nNodes
structure
pipe2 1 not allowed avbhb 2
FC 1 allowed av_vb 2
pipel 1 not allowed avb 2
PTC 1 allowed av_vb 2
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The thermal load of the FC was measured in kilowatts and fed to the HT
cooling circuit’'s model by a prescribed heat flow through the “FC” pipe with the

heat transfer model. (see Figure 36)
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Figure 36: Recorded FC Heat Load through Dyno Roller Testbench (Test Date: 03.09.2013)

The heat load represented above is for a range-extended FC that will only
be switched on when the power of the Battery inside the vehicle is depleted.
This means, that the curve does not represent a steady state operation for the
FC, but it captures the interval when the FC is set into operation to test the

cooling performance of the HT cooling circuit.

2.3.3.6 Heat Exchangers in HT Cooling Circuit
The HEXs used in the HT cooling circuit's model are simple HEXs from the

modelica fluid library. (see Figure 27)

Similar to the approach used in the LT and Battery models, the HEXs from
the A/C library were to be used in the Battery cooling circuit model and for the

same reason, this approach has been excluded.

Also, the approach used in sizing the HEX in the LT and Battery cooling

circuits is the same used in sizing the HEXs in the HT cooling circuit.
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In Figure 37, the perimeter of the air flow channel in Main HEX was the
changed value to increase the area of the HEX. The value has been increased;
gradually, with observing the temperature rise during the simulation run along
with the cooling process till it reached the value of 4 m, when increasing the

perimeter will no further have an enhancing effect on the cooling process.

=
general_FC_Circuit. MainHEX in All_in_one.Allin_one_test

General ‘ Assumptions Initialization Add modifiers

Component
Mame general_FC_Circuit. MainHEX
Comment

Maodel

Path

Comment Simple heat exchanger model

Modelica, Fluid. Examples, HeatExchanger. BaseClasses, BasicH)

Parameters

rModes
length

s_wal

Spatial segmentation
Length of flow path for both fiuids
Wall thickness
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use_HeatTransfer - = frue to use the HeafTransfer_1/ 2 model

Fluid 1

m

crosshrea_1 1273 v m2 Cross sectional area

perimeter_1 4r m Flow channel perimeter

area_h_1 4%42%0.2 » m2  Heat transfer area

roughness_1 om Absolute roughness of pipe {default = smooth steel pipe)

Fluid 2

crosshrea_2 1.787e-4 » m2 Cross sectional area

perimeter_2 0.047 ¢+ m Flow channel perimeter

area_h_2 4*42%0,2 r m2  Heat transfer area

Absolute roughness of pipe {default = smooth steel pipe) -

||

roughness_2 Fom

[ oK Info | | Cancel

C__—

Figure 37: Main Heat Exchanger Parameters

In correspondence on the coolant side, the heat transfer area would be the
same and the flow channel cross sectional area and flow perimeter were
calculated based on the diameter of 0.015 m, which is the same diameter used
for the coolant pipes in the HT model. The nNodes for the spatial segmentation
(42) as well as the length of the flow channel (0.2 m) have been always

constants.

The sizing of the Cabin HEX was of another perspective. Although the
coolant’s flow to the Cabin HEX shares a part of the total flow required to be
delivered into both HEXs (Main and Cabin) for cooling, the Cabin HEX was not
meant to cool down the FC as much as it should; primarily, be used for heating
the passenger compartment in winter. Therefore, the sizing of the Cabin HEX
was considering the size of the Evaporator inside the A/C cycle as they are both
coupled together from the air side and contained inside the passenger

compartment for air conditioning.
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Figure 38: Evaporator HEX

In Figure 38, the evaporator HEX used in the A/C cycle has a total heat
transfer area of 0.17 m?. Thus, the perimeter of the air flow channel in the Cabin
HEX should have the value of 0.02 m. (see Figure 39)

general_FC_Circuit CabinHEX in All_iffone.Allfin_one test I I 2] =
General Assumptions Initialization I Add medifiers |
Component Icon
Mame general_FC_Circuit, CabinHEX X
Model —
Path Modelica.Fluid. Examples. HeatExchanger. BaseClasses . BasicHx
Comment Simple heat exchanger model
Parameters -
nModes 3 Spatial segmentation
length Fom Length of flow path for both fluids
s_wall Fom Wall thickness
use_HeatTransfer - = true to use the HeatTransfer_1/ 2 model
Fluid 1 A
crossérea_1 3.18e-5 » m2 Cross sectional area
perimeter_1 0,02 m Flow channel perimeter
area_h_1 0.02%32*0,2 + m2 Heat transfer area
roughness_1 Fom Absolute roughness of pipe {default = smooth steel pipe)
Fluid 2 i
crosshrea_2 1.767e-4 |v| m2 Cross sectional area
perimeter_2 0,047 » m Flow channel perimeter
area_h_2 0.02%42*0,2 + m2 Heat transfer area
roughness_2 Fom Absolute roughness of pipe {default = smooth steel pipe) -
[ OK ] [ Info ] [ Cancel

Figure 39: Cabin Heat Exchanger Parameters

In correspondence on the coolant side, the heat transfer area would be the
same and the flow channel cross sectional area and flow perimeter were
calculated based on the diameter of 0.015 m, which is the same diameter used
for the coolant pipes in the HT model. The nNodes for the spatial segmentation
(42) as well as the length of the flow channel (0.2 m) have been always

constants.
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2.3.4 Air Conditioning Cycle (A/C Cycle)
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Figure 40: A/C Cycle P&ID

In Figure 40, the A/C Cycle represents an example for an ordinary air
conditioning cycle used in vehicles. As it is clearly illustrated above, that the
cycle consists mainly of a condenser, evaporator, compressor and expansion
valve. Both condenser and evaporator are HEXs from Dymola air conditioning
library which exchange heat with ambience and passenger compartment inside

the vehicle consequently.

The size of the cycle in the figure above may; slightly, deviate from the
actual sizing of the cooling capacity required by the vehicle. However it
represents an actual thermal performance with which the thermal management

system could be manipulated and studied.

As illustrated in Figure 17, the condenser is a HEX that takes a part and
shares the same air flow over the HEXs' arrangement inside the engine
compartment, while the evaporator is a HEX that exists inside the passenger

compartment where the air flow is controlled by the user.
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The A/C model below has been quoted from the examples presented inside
the air conditioning library in Dymola. The refrigerant super heating temperature
has been measured right after the evaporator to be used as an input for the
expansion valve, while the relative volume inside the compressor and its
rotational speed have been controlled by constant and ramp functions
consequently. (see Figure 41)
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Figure 41: A/C Circuit Model
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In the model above, the air flow model inside the condenser and evaporator
has been changed to match with the used medium inside the other coupled
models. The air mass flow rate entering the evaporator is the same that flows
over the HEXs’ arrangement inside the passenger compartment. The values of
the RH and temperature have been set as constants to 50 % and 30 °C;
respectively, while the mass flow rate has been controlled by the control

module.
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2.3.4.1 Fluid Properties

The air flowing over the HEXs in each arrangement will always have the

same properties (assuming 100 % fresh air to the Cabin). Therefore, the air
model in the HT circuit has been chosen to be Moist Air (240 ... 400 K).

The refrigerant used in the cycle is R134a with the following properties at 30

°C and 1 bar:

Table 7: Refrigerant Properties in the A/C Cycle

Properties Value |
Specific Enthalpy (kJ/kg) 428.8
Specific Entropy (kJ/kg.K) 1.916
Specific Heat [kJ/(kg.K)] 1.627
Density (kg/m°) 4.127
Thermal Conductivity (W/m.K) 0.0141
Dynamic Viscosity (mPa.s) 0.012™

2.3.4.2 Defining Ambient Conditions
The ambient conditions defined for this model are similar to the ambient

conditions defined for the earlier cooling circuit models. (see pp 22-24)

The initialization guess value for the mass flow rates inside the A/C cycle
has been also set to 0.0001 kg/s. However, the values for both air and
refrigerant mass flow rates have been set up to constants; according to the
empirical values from DLR test vehicle, the maximum value of air mass flow
rate is 0.066 kg/s.

2.3.4.3 Flow Sources

The fluid flow inside the A/C cycle is varied between 2 types of flow sources.
First, is the compressor which controls the compression ratio of the refrigerant
and hence, the cycle’s COP. Second, is the air mass flow source to the
passenger compartment, which is maintained by a controlled fan. As it seems in
Figure 41, that both of them were given constant parameters for operation.
However, these parameters have been changed in consideration with the
maximum cooling capacity of the air conditioning system under the former

specified tough ambient conditions.
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2.3.4.4 Model Initialization

refrigerationCycle.init in All_in_one.All_in_one_test T | ——
General Advanced

Component Icon

Mame refrigerationCyde.init Cwil..
-—
Comment I
-—
Model

Path AirConditioning. SubComponents. Records. InitData. CydelInit
Comment Subcritical cyde initialization record

Parameters

initType - choice of initialization problem

charge_init +  kg/m3 Specific charge initialization point

Refrigerant side start values

T_sc K Subcooling temperature
T_sh v K Superheating temperature
p_high 1750000 » Pa Discharge pressure
dp_high v Pa Condenser pressure drop
p_suction v Pa Suction pressure
dp_low v Pa Evaporator pressure drop
dp_pipe v Pa Pipe pressure drop
| compSpeed 10 * Hz Compressor rotational speed
| mdot_init v kafs Cycde mass flow rate

Air side boundary conditions

mdotCond 1060 *  kafs Condenser air mass flow rate
mdotEvap 4fa0 *  kgfs Evaporator air mass flow rate
TairCond K Condenser air temperature
TairEvap 314.15 + K Evaporator air temperature
phiCond 4 Condenser air relative humidity
phiEvap 4 Evaporator air relative humidity

[ Info ] [ Close ]

Figure 42: Initialization Parameters

In order to have a quick access to the controlling parameters inside the A/C
model, an initialization block has been established to adjust parameters like air
mass flow rate, pressures, temperatures and compressor’s speed. (see Figure
42)

Since the existence of the A/C cycle inside the system represents an extra
thermal load, studying the thermal performance of the cycle was prior to
maintaining the right cooling capacity for the vehicle. Thus, the adjustment of
the above parameters was based on the observation of the cooling performance

for the thermal management system.
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2.3.5 The Control Module
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Figure 43: System’s Control Module Layout

The control module is the brain for the whole thermal management system.
It is what controls the mass flow rates for safe operational temperatures. It

combines, compares and triggers the signals with which the cooling process is

being operated.

As seen in Figure 43, the module consists of several control loops
connected together in duets. One branch of each represents the measured
signals which are going to be used in the feedback control loop for an active
control process (status) and the other represents the controlling signals which

are going to be sent to the prescribed flows and flow sources inside the

submodels for the control (control).
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2.3.5.1 LT Model Control

Controller Process
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Figure 44: EM Temperature Control Scheme

The idea of controlling the EM’s temperature depends on measuring the
temperature of the coolant entering the EM pipe (the pipe which denotes the
thermal load of the EM in LT cooling model), then sending the signal to a

proportional-integral-derivative controller (PID controller).

Along with the Tse; Of the motor (70 °C), the PID will compare between both
signals within an active control loop then fires a signal to the coolant pump
inside the model to increase the flow rate; within the specified operational
range, when the setting temperature is breached. The operational range of the

cooling pump is 0.01-0.5 kg/s. (see Figure 44)

2.3.5.2 Battery Model Control

» Coolant Mass Flow Control

Similar to Figure 44, the temperature of the coolant entering the
Batterie pipe (the pipe which denotes the thermal load of the Battery in
Battery cooling model) is sent to a PID controller along with the T (40
°C), the PID will compare between both signals within an active control
loop then fires a signal to the coolant pump inside the model to increase
the flow rate; within the specified operational range, when the setting
temperature is breached. The operational range of the cooling pump is
0.01-0.2 kg/s.

» Air Mass Flow Control
Controlling the air mass flow rate over the HEXs’ arrangement in the engine
compartment uses the temperature of both the fuel cell stack and the EM in 2
connected feedback control loops. Whichever breaches its T first (160 °C for
FC or 70 °C for EM), a signal to the cooling fan will be fired to increase its flow

rate within the specified operational range (0.166-0.66 kg/s).
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Figure 45: Air mass Flow Control Scheme

LOGICAL
SWITCH

In Figure 45, the cascade control scheme involves two control loops that use
two measurement signals to control one primary variable. The hysteresis blocks
used in the module are responsible for firing signals; only if the upper
temperature limit for EM or FC (70 °C or 160 °C) has been reached, to the
logical switch. The logical switch will; in return, activate either the EM or FC
control loop with the air mass flow rate’s operational range of 0.166-0.66 kg/s.
Else, the flow rate will have the value of 0.166 kg/s.

2.3.5.3 HT Model Control

Controller

Setpoint (SP) Output Pump 1
e & PID CONTROLLER OPERATIONAL RANGE P 14 COOLING CIRCUIT
o+ Product Input

Pump 2

Difference Output

Figure 46: FC Temperature Control Scheme

In Figure 46, the difference between the coolant's entering and exiting
temperatures to the FC should always be kept at 10 °C. Therefore, the
operational range of the pumps’ mass flow rates is 0.16-0.5 kg/s. Referring to
Figure 35, the calculated mass flow rate to the circuit is divided between the
Main and Cabin HEXs. Since the model is studied in summer, 100 % of the flow

will be directed to the Main HEX only.
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2.3.5.4 A/C Model Control

Referring to Figure 42, the initialization parameters of the A/C model have
been changed with respect to the Battery cooling model. The initial value of the
condenser air mass flow rate has been set to 0.166 kg/s, which is similar to the

minimum value of air mass flow rate in the flow source inside the Battery model.

The compressor's speed has been lowered down to 10 Hz; after
observation, to decrease the amount of heat exhausted by the output air port of

the condenser which is used to cool down the NT HEX inside the LT model.

Respectively, the evaporator air outlet temperature has been increased but
within an acceptable range for cooling the vehicle compartment in hot summer

conditions.

The air mass flow rate inside the evaporator has been set to the maximum
value inside DLR test vehicle passenger compartment. All other parameters

were kept as default.
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2.3.6 Coupling in Dymola

system

defaults
i mmnmmmﬂ o IRARe CeoingClreut
g
e ooy (0.0 | 7_s_in_Batt_Hex[c)
00 | T_air_out_Bat_Hex [C]
00 | T_air_in_NT_Hex [C]
= 0.0 | T_air_out_NT_Hex [C]
Initialization Block I | . %
r £
do_Batiery (] | g | 1 q e Ploss!
d0_PE W] 00 -
d0_EM [W] 0.0 O PTC_Heater
Q_fiow=0
coolantCireuit1 @
1 @ I8 0.0 | T sir_in_Main_Hex [C) -
‘ 0.0_| T_air_out_Main_Hex C] l i‘
i
coolaniCireuit E] 1 H I

| i A / C [00 | 7 s in_cond[c] ‘
i Ll
1 T 0.0 | T_air_out_Cond [C]
Ly 0.0 | T_sir_in_Evap [c]
0.0 | T_air_out_Evap [c] ambience!
E ©

Figure 47: General Model Coupled Layout in Dymola

As seen in Figure 47, the 4 models which were build singularly have been
now coupled all together from the air side. This is typically a translated model

for the layout seen in Figure 17 in the simulation environment Dymola.

In the figure above, both Battery and LT models have been inserted in one

package named “LT".

For the direct monitoring of temperatures, an IntegerExpression block has
been used to interface the inlet and outlet air temperatures of the NT, Battery,
Condenser, Evaporator and Main HEXs. Also the heat output flow from the

Battery, PEM and EM submodels has been monitored.
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For rapidly changing the initialization parameters, an initialization block has
been used for changing the starting temperatures of EM, Battery, PEM, FC ,
evaporator air, condenser air and the refrigerant mass flow rate in the A/C
model. (see Figure 48)

= —— ul
initialisationl in All_in_one.Al_one_test R~
il

\ General | Add modifiers

Component Icon
Mame initialisation 1
Comment

Model
Path All_in_one.initialisation
Comment

Parameters
T_start_Batterie 30+ deqgC Starting Temperature of the Batterie Pipe in LT Model
T_start_EM 30 v degC Starting Temperature of the EM Pipe in LT Model
T_start_PE 30 v deqgC Starting Temperature of the PE Pipe in LT Model
T_start_FC 30 v deqgC Starting Temperature of the FC Pipe in HT Model
T _air_start_evap 41 v degC Starting Temperature of the air in Evap
T_air_start_cond 41,85 +* degC Starting Temperature of the air in Cond
mdat_refrigerant 0.05 *  kaojs Refrigerant Mass Flow Rate in A/C Model

Ok ] [ Info ] [ Cancel ]

Figure 48: Initialization Block

The general model has been simulated till a stop time of 3500 s which is
equivalent to a 3 NEDCs and a number of intervals of 500. The simulation real

runtime was 13380 s.

Due to the stiffness of the differential equations inside the model, the solver

(Radau IIA — order 5 stiff) has been used instead of Dassl.
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2.3.6.1 Simulation Results

» Electric Motor
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Figure 49: EM Cooling Effect

In Figure 49, the blue curve represents the coolant temperature before the
EM pipe (controlled EM’s temperature) and the red curve represents the coolant
temperature after the EM pipe (after heat is transferred from the EM to the
coolant).

Obviously, that the temperature of the coolant before the EM has shown a
decreasing attitude being less than the temperature that exits out of the EM. At
the circled area (at approx. 2" NEDC), the control module tries to lower down
the temperature of the coolant to Tse: (70 °C) but the temperature of the EM has
arisen to a limit where the NT HEX’s size and the pump’s flow rate were not
able to cool it down.

As increasing the heat transfer area of the HEX is no longer having a cooling
effect, we can:

% Change the arrangement of the HEXs or even separate the LT cooling circuit.
% Change the coolant type.
% Use water chiller instead of HEX to cool down the EM.

% Use cooling fan (blower) as a forced convection magnitude inside the motor
thermal submodel.
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» Power Electronics Module
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Figure 50: PEM Cooling Effect
As shown in Figure 50 and due to the cooling effect in the LT circuit, the
temperature of the PEM has also been decreased as the blue line represents

the temperature after cooling and the red line represents the temperature before
cooling down the PEM.
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Figure 51: Battery Cooling Effect

As shown in Figure 51, that the temperature before and after the Battery is
showing a cooling effect by the control module till the region where the
temperature of the Battery has arisen to a limit where the battery HEX and the
pump’s flow rate were not able to cool it down and at 2 NEDC.
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As increasing the heat transfer area of the HEX is no longer having a cooling
effect, we can:

R/

% Change the arrangement of the HEXs or even separate the LT cooling circuit.
% Change the coolant type.

«» Use water chillers instead of HEX to cool down the EM.

» Fuel Cell
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Figure 52: FC Cooling Effect

As illustrated in Figure 52, the cooling process of the FC has shown a
reasonable result as the temperature of the coolant entering the stack is lower
than the coolant temperature which exits the stack being always less than the

FC setting temperature defined in the control module and hence maintaining a
safe operating condition.
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» A/C Model

2.3.6.2 AIC Cycle’s Coefficient of Performance
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Figure 53: A/IC Cycle’s COP
In Figure 53, the COP has been oscillating in the range 3.7-5.7 which is
quite high. The COP value is an indication for the efficiency of air conditioning

cycle’s operation under the given conditions of ambient temperature, humidity
and mass flow rates.
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Figure 54: Evaporator’s Outlet Air Temperature

In Figure 54 and under the compressor speed of 10 Hz, the outlet air
temperature range to the cabin is 15-19 °C. This range seemed to be
reasonable at the toughest summer conditions. The temperature could be
lowered down at higher compressor speeds but it will higher up the condenser
air outlet temperature and hence reduce the cooling effect on the NT HEX
inside the LT cooling circuit consequently.
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2.4 Coupling in BCVTB

2.4.1 Whatis BCVTB?
The Building Controls Virtual Test Bed is a software environment that allows
expert users to couple different simulation programs for co-simulation, and to

Xiii

couple simulation programs with actual hardware.

The BCVTB software has a wide compatibility with softwares like Dymola,
MATLAB, TRNSYS and many more. The functioning idea of BCVTB depends
on its action as a middleware for the data exchange between the coupled

softwares as they simulate.

The BCVTB is based on Ptolemy Il software which is an open source
software framework supporting experimentation with actor-oriented design.
Actors are software components that execute concurrently and communicate
through messages sent via interconnected ports. A director in Ptolemy Il

software implements a model of computation.®

2.4.2 How BCVTB Works?

Director

Simulator 1 : : Simulator 2

'
'
configuration | : configuration
file H 1 file
L i

BSD Socket HEEEEEE BSD Socket [l BSD Socket | BSD Socket
Client : Server Server ; Client

Figure 55: Architecture of the BCVTB with the middleware shown in the dotted box that
connects two clients

The interaction between the actors is defined by a Model of Computation
(MoC). The MoC specifies the communication semantics among ports. The
director controls the communication of the actors which are connected to

simulation programs™. (see Figure 55)
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In Figure 55, when the co-simulation starts, the director orders the actors to
send a system call (firing signals) to the simulators in order to start up the
simulation programs. In Ptolemy Il software interface, the simulators are
actually classes inside the “Actors” library. The class simulator then makes an
instance of the class server through the BCVTB C library for the interprocess
communication with the simulation program, which is the client. The
interprocess communication is implemented using the Berkeley Software
Distribution socket interface (BSD sockets). To connect to the server, the client
needs to know the number of the port on which it needs to connect.

To pass the port number from the server to the client, the class Simulator
writes an XML file using XML Writer, which is then read by the client at the
program’s start. This implementation allows the actor “Simulator” to use a
system call to start any executable (such as a batch file on Windows, a shell
script in Mac OS X or Linux) or to start directly any executable program that

may have been compiled by the user.

SDF Director This model illustrates a link between Simulink and the Dymola

modeling environment for Modelica.

Both programs communicate with Ptolemy Il through BSD sockets.
& timeStep: 60 Modelica computes the temperature change in
two rooms with different capacity.
Simulink computes the control signal to track a setpoint of 20 degC.
Input to Modelica is the control signal.
Input to Simulink are the new room temperatures.

e beginTime: O
e endTime: 6*3600

Scale

Simulink

[P-Sir‘]ulalar-

Output simulation time and wall clock time.
This is for illustration purposes only and not needed by the above model.

CurrentTime SimulationTime

WallClockTime RunTime

L + |

Author: Michael Wetter

Figure 56: An Example of Connecting Dymola with Simulink for Testing BCVTB Interface

From Figure 56, we can apparently recognize that the model in Ptolemy Il
software basically consists of a Director (the green rectangle), Actors
(Simulators), Relations (Black Diamonds), Connectors (signals), Vectors’

assemblers and disassemblers.
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2.4.3 Configuration of Submodels in BCVTB

As our general model consists mainly of 4 submodels (LT, HT, A/C and
Control Module) coupled all together, the idea is to develop a new interface in
BCVTB using “Simulator” actors denoting each submodel and connected all

together with relations through input and output ports and directed by a MoC.

Before architecturing the layout of the general model in Ptolemy Il, each
submodel should be separately reconfigured according to the output and input

parameters to it.

2.4.3.1 Configuring Control Module

hystere. ..
—leT
-
T Scll E|l Coolant2. .. _l
JE— R |/ |- e E‘ =
feedbackFC
| witchd Tempe. ..

=% CoclantT... =calel

E[ Stg_pump_EM

icale L

Stg_wlmp_Battery

NTK_If\ﬂd ot_air_kgps
mid %@;‘u’_kg ps
Temperwm. EmﬁaToaﬁ['en achFC

Figure 57: Control Module Base Layout in BCVTB

Compared to the layout of the control module in Dymola model and instead
of connecting the input signals and distributing the output signals out of the
module through signal buses, the input signals have been connected to input
ports and the output signals have been connected to output ports from modelica
library, each has been signified and given the name of the signal itself for
designation. The setting parameters, temperatures and operating ranges have

been always kept the same. (see Figure 57)
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To connect the model in Dymola with BCVTB, Berkeley Lab has developed
a modelica block inside modelica buildings library to exchange inputs and
outputs with Ptolemy II. Inside the block, the user is able to define the
synchronization time step when the data will be exchanged between Dymola
and BCVTB, number of inputs and outputs (ports) sent from and to the
simulator actor that represents the model in Ptolemy Il interface and the initial

values for each input. (see Figure 58)

cliBCVTE in Controller.Controller 7 %
General Add modifiers
Component Ieon
Name diBCVTE BCWTE

Comment

Model

Path Controller.Buildings. Utilities.IO.BCVTE.BCVTE
Comment Block that exchanges data with the Building Contreols Virtual Test Bed

Farameters

activateInterface - Set to false to deactivate interface and use instead yFixed as output
timeStep 0o r s Time step used for the synchronization
y Mame of the file thatis generated by the BCVTE and that contains the socket
xmiFileName v . .
information
nDblvri 4 Number of double values to write to the BCVTE
nDblRea 4 Number of double values to be read from the BCVTE
. Flag for double values {0: use current value, 1: use average over interval, 2: use
A
fiaDbliri ' integral over interval)
uStart 40.01,0.01,0.166,0. 166} L3 Initial input signal, used during first data transfer with BCWVTE
yRFixed S r Fixed output, used if activateInterface =false
[ OK ] I Info I I Cancel I

Figure 58: BCVTB Block

Now routing inputs and outputs to the BCVTB block is done using the
multiplexer and demultiplexer blocks from modelica library. The inputs and
outputs were connected to the BCVTB block through array slots (ports) which
were given numbers as designation. The order of connected signals to the block
should be concerned to ensure, that the right signal is transferred to the right
submodel in Ptolemy Il interface. (see Figure 59)

Control Module

m_

deMultiplex4_1 cliBCvTB multiplex4_1

YYYY

[Ahmed Hussein] Figure 59: Control Module Configured Layout 61



Hochschule Offenburg Deutsches Zentrum fiir Luft- und Raumfahrt

‘Approach For A Simultaneous Simulation Of Cooling And Air Conditioning Systems In Electric Vehicles’

In Dymola, all the inputs to the BCVTB block are actually outputs from the
simulator actor in Ptolemy Il at the same array slot, while all the inputs to the
simulator actor in Ptolemy Il are actually outputs from the BCVTB block in

Dymola. (see Figure 60)

chiBCVTB

tS=if act...
Inputs Outputs
>

| 2 >

=T

-

Dym ola

I nputs Qutpu tg

>P+ Simulatorpr

Figure 60: Data Exchange between Dymola and BCVTB

To reduce the number of transferred signals, constant values; which are not
subjected to change during simulation, have been used directly inside the
models where they belong (e.g. Cabin air mass flow rate).

Table 8: Inputs and Outputs to the BCVTB Block in the Control Module

Variables

A Inputs Outputs Initial values of inputs
rray no.

1 Stg_pump_EM TemperaturevorEM 0.01

2 Stg_pump_Battery | TemperaturevorBattery 0.01

3 NTK_mdot_air_kgps TemperaturevorFC 0.166

4 mdot_kw_kgps TemperaturenachFC 0.166

[Ahmed Hussein] 62



Hochschule Offenburg Deutsches Zentrum fiir Luft- und Raumfahrt

‘Approach For A Simultaneous Simulation Of Cooling And Air Conditioning Systems In Electric Vehicles’

2.4.3.2 Configuring LT and Battery Models

Similar to the control module, the LT and Battery models have also been
reconfigured to group out the inputs and outputs into and from the models and
to be transferred to Ptolemy Il through the BCVTB block in Dymola. (see Figure
61)

system

defaults L
\/. g

Yo ya

- 1 0000 T7 o

- uRipxE_1 cHovTE delunipexs_1

flowSau.. Srnce =0

SURMOLIEIE
T

Figure 61: LT and Battery Configured Models’ Layout in BCVTB

Table 9: Inputs and Outputs to the BCVTB Block in the LT and Battery Models

Variables
Inputs Outputs Initiql values of
inputs

Array no.

1 TemperaturevorEM Stg_pump_EM 303.15

2 TemperaturevorBattery Stg_pump_Battery 303.15

3 Temp_air_out_Battery HEX NTK_mdot_air_kgps 303.15

4 air_massflow_out_Battery HEX Temp_air_in_NT_HEX 0.166

5 Temp_air_out NT _HEX air_mass_flow_in_ NT HEX 303.15

6 air_massflow_out NT_HEX - 0.05

In order to couple the submodels from the air side, properties like mass flow
rate and temperature were sensed and sent as signals to BCVTB block. These
signals are then used as inputs to flow sources in the recipient submodel

connected in Ptolemy Il interface for coupling.

Because air flow properties in output ports should be measured, these ports
are connected to flow sinks and both temperature and mass flow rate signals
are measured and sent to the BCVTB block.
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2.4.3.3 Configuring A/C Model

Similar to the Control Module, LT and Battery models, the A/C model has
been also reconfigured to group out the inputs and outputs into and from the
model and to be transferred to Ptolemy Il through the BCVTB block in Dymola.
(see Figure 62)

The air properties fed to the evaporator are constant and hence, there was

no need to transfer them in a form of input and output signals to the BCVTB.
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e
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Figure 62: A/C Configured Model Layout in BCVTB

Table 10: Inputs and Outputs to the BCVTB Block in the A/C Model

Variables
Initial values
Inputs Outputs of inputs

Array no.

1 Temp_air_in_NT_HEX Temp_air_out_Battery HEX 315

2 air_mass_flow_in_NT_HEX air_mass_flow_out_Battery HEX 0.166

3 Temp_air_in_Cabin_HEX - 314.15

4 air_mass_flow_in_Cabin_HEX - 0.06
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2.4.3.4 Configuring HT Model

Similar to the former models, the HT model has been also reconfigured to
group out the inputs and outputs into and from the model and to be transferred
to Ptolemy Il through the BCVTB block in Dymola. (see Figure 63)
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Figure 63: HT Configured Model Layout in BCVTB

vy

Table 11: Inputs and Outputs to the BCVTB Block in the HT Model

Variables
Inputs Outputs Ing;a;ln\éaﬂtlses

Array no.

1 TemperaturevorFC Temp_air_in_Main_HEX 303.15

2 TemperaturenachFC air_mass_flow_in_Main_HEX 303.15

3 - Temp_air_in_Cabin_HEX -

4 - air_mass_flow_in_Cabin_HEX -

5 - mdot_kw_kgps -
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2.4.4 General Model Layout in BCVTB

Just like in Dymola, the general model will consist of connecting the
submodels all together from the air side in the HEXs concerning the
arrangement that was set from the beginning.

As simulating each model requires input data from others, the layout will
have the structure of a closed loop with feedback signals. Since the air flow
starts from the Battery model and passes through the A/C and HT models, the
general layout in Figure 64 has all the connections denoting the outputs and
inputs from and to each model depending on the required input signals for

simulation and output signals for running the other models.

[ TemperaturevorFC |

I Temperaturenach¥C I

[Temp_air_in_NT_HEX

| air_mass_ flow_in_NT_HEX |

Temp_air_out_NT_HEX

TR M

air_massflow_out_NT_HEX |

[Stg_pump EM . ) |
PR Temp_air_out_Batier_HEX Temp_air_in_ Cabin_ HEX

Spump Batey | Lai_massfow_out_Batter,_HEX air_mass_flow_in_Cabin_HEX
J NTK_ mdot_ air_ kgps |L _mass_flow_in_ Cabin_HEX |
L - E Il
Controller

;A A

[ TemperaturevorEM

TemperaturevorBattery |

[ma‘or _kw_ kgps]
Figure 64: Conceptual Architecture of the General Model in Ptolemy Il

The structure above was chosen to satisfy the direction of the air flow which
starts from the Battery model in the engine compartment and the A/C model in
the passenger compartment. The feedback lines will contain the output signals
that should be transferred as a input data to run other models.

The order of the actors in the structure above could be changed but the
order of the input and output signals in the arrays connected to the BCVTB
block in each model should also be reconfigured to match with the proper array

slots in each corresponding model.

For each model, a separate folder has been established and the contents of
the “dymola-room” example from Ptolemy Il library have been copied and
pasted except the file “TwoRoomsTotal.mo” which will be substituted with the
model developed.
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Each folder should basically have:

1- bevtb.h C/C++ file to allow the Dymola simulation environment to
establish a socket connection with BCVTB.

2- build.xml file to pass the port number where the inputs and outputs are
transferred from the server to the client program.

3- simulation.log file where all the info regarding the compilation and the
simulation run should be stored.

4- simulateAndExit.mos which is a Modelica script file that contains the

model name, path, start-time, stop-time and tolerance of the simulation.

In each folder, the model name, path, start and stop time of the simulation
and tolerance should be changed in the modelica script file (simulateAndEXxit).

In the script file (line 11), the script (method: “radau”) has been added to
specify the solver with which the simulation in Dymola should be running.

Also to stop Dymola from closing after the co-simulation execution, the script

(exit();) in line 12 has been deleted.

SDF Diractor
= This model illustrates a link between the Controller, LT, A/C and HT models in the modeling environment Dymela.

All the submodels communicate with Ptolemy Il through BSD sockets.
':’::5:": - \ Both Inputs and outputs to the BCVTE block in Plolemy designate the input and output signals required to run up the general model.
L] inTime:
sendTime: 31184 4 NEDC = 1184 secs.

Veclorhs semblar2

VeciorAssembler  HT Model

VoclorAssembler  conpoiter

* e

Output simulation time and wall clock time.
This is for Blustration purpeses only and not needed by the above model.

LRI SimulationTime
o .

WallClockTime :\R”"“"‘"

Author: (& Copyright 2014 All Rights Reserved for DLR and Ahmed Hussein)

Figure 65: General Model Coupled in Ptolemy I

In translation to Figure 64, Figure 65 represents the layout of the general

model after coupling all submodels in Ptolemy Il interface.
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The Synchronous Data Flow (SDF) director is a MoC that controls the
communication of the actors which are connected to simulation programs. In
SDF, each actor is fired only when a fixed, pre-specified number of tokens
(inputs) is available on each of its input ports. In the SDF domain, each actor

produces a fixed, pre-specified number of output tokens at each firing.

A Edit parameters for SDF Director X

localClock: 0.0 Configure |
iterations: (endTime-beginTime)/timeStep+1 j
vectorizationFactor: 1
allowDisconnectedGraphs: v
allowRateChanges: r
constrainBufferSizes: v
period: timeStep
synchronizeToRealTime: r
startTime: 0
stopTime: 3%1184
Commit Add Remove Defaults Preferences Help Cancel

Figure 66: SDF Director

As shown in Figure 66, the simulation start and stop times as well as the
iterations are specified in prior to the initialization of the co-simulation. Other
options are to allow disconnected graphs in case that a model has skipped the

data exchange in a certain simulation time step.

There’s also a possibility to synchronize the simulation time with the real

time.

In Figure 65, the interface of the general model in BCVTB consists of a
Director, 4 Simulators (Actors), Relations (Black Diamonds), connectors,

Vectors (signals) assemblers and disassemblers.

The 4 simulators (actors) denote all the submodels which form the cooling

and air conditioning circuits in the FCEV (one actor for each submodel).
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The actors (models) are connected with connectors through relations of
width=1. The width of a connector or a relation is the sum of the signals

transported per each path.

2.4.5 Data Transport between Actors in BCVTB

Data transport is depicted in Figure 67. The originating actor E1 has an
output port P1, indicated in the figure with an arrow in the direction of token
flow. The destination actor E2 has an input port P2, indicated in the figure with

another arrow.

E1 calls the send() method of P1 to send a token t (signal) to a remote actor.
The port obtains a reference to a remote receiver (via the 10 Relation in the
BCVTB block in Dymola model) and calls the put() method of the receiver,
passing it the token. The destination actor retrieves the token by calling the
get() method of its input port, which in turn calls the get() method of the
designated receiver (Department of Electrical Engineering and Computer
Sciences, University of California at Berkeley, April 1, 2008).

XVi

receiver.put(t)

send(0,t) — —a ( get(0)

E1

Figure 67: Data Transport between Actors in BCVTB

In Figure 67, message passing is mediated by the 10 Port class. Its send()
method obtains a reference to a remote receiver, and calls the put () method of
the receiver, passing it the token t. The destination actor retrieves the token by

calling the get () method of its input port.

Since the 10 Ports of the actors are single ports, an advantage has been
taken by using the vector assemblers and disassemblers in Ptolemy Il interface

to connect more than one relation at a single port.
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2.4.6 Co-simulation Results and Validation

The model in Ptolemy Il is supervised by SDF director as a MoC which

demands the so-called firing of the individual simulators every 5 seconds
(TimeStep=5).

The simulation time stopped at 3500 s which is equivalent to a 3 NEDCs.

The
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Figure 69: Comparison between PEM Cooling Effect in BCVTB and Dymola
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Figure 71: Comparison between FC Cooling Effect in BCVTB and Dymola
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Figure 72: Comparison between COP in BCVTB and Dymola
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Figure 73: Comparison between Cabin’s Air Temperature in BCVTB and Dymola

Referring to the co-simulation results, they have shown symmetry to the
coupling results from Dymola in each submodel. The curves in most cases have
collaterally progressed with the results from Dymola and sometimes

congruently. This has indicated a satisfactory range of accuracy consistent with
the intended validation of coupling.

Using equation (8) and for co-simulation in BCVTB with TimeStep=5 and 10
s, the accuracy of the synchronized data exchange; at similar temporal point,

has been calculated at 99 % and 98 %; respectively, when compared with
coupling in Dymola.

data point... — data point
TimeS Dymol
Accuracy.,., (%) =1- meoter e 100
TimeStep data point (8)
Dymola
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2.5 Comparison and Conclusion

Stating the differences between coupling in Dymola and BCVTB was one of

the main objectives in this thesis from the beginning. A comparison between

coupling in both softwares should widen the recognition of advantages and

disadvantages of both coupling approaches.

Table 12: Comparison between Dymola and BCVTB Coupling Tools

oupling Tool
Factor

Dymola

BCVTB

Coupling accuracy

Higher (because
error tolerance in
Dymola could be
reduced, a higher
accuracy would
be obtained on
the account of the
simulation time).

Lower (using SDF as MoC does not enable
the user to control the error tolerance. Also
between 2 different synchronization time
steps, all values from BCVTB are
extrapolated uniformly. So depending on the
actual graph and the synchronization step
size in Dymola, the single errors could sum
up to an amount which causes the model to

fail any validation. However, in thermal
systems which react very slowly, co-
simulation with BCVTB might be considered
sufficiently accurate).

4223 s at TimeStep=5 (3 x speed in

Speed of simulation 13380 s Dymola).
Ease of interface Ea_13|er (object- Easy (actor-oriented).
oriented).
Flexibility of model Low High
exchange
Considering the comparison above, Dymola has shown more

appropriateness as a modelling tool. However for complex systems, BCVTB
has shown more suitability for coupling and co-simulation but often, on the

account of resulted data accuracy.

Although the cooling strategy represented in this thesis might not have
shown a high degree of sufficiency, it still has paved the way for assorted and
diverse cooling techniques in either alternative simulation models or developed

ones to be introduced.

Stochastically, this thesis could contribute among others in cultivating more
integrated and sophisticated models representing the FCEV. Especially, when
Dymola software has been introduced as a powerful modelling and simulation
tool along with the BCVTB with high co-simulation and coupling capabilities.
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Appendices
Appendix A
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Figure 74: EM Thermal Submodel

In Figure 74, the other approach of EM thermal modelling is introduced. As
mentioned before, that this model has been excluded to fast up the simulation
speed. The heat load out of this model is a product of the calculated energy

losses inside the EM.

The main equations used for calculating energy losses are:

2
Copper Energy Losses (W.) = 3 - (—a) ‘R
pp gy ) NG a

Hysteresis Energy Losses (W) = Z (ﬁ) - B2
2

Eddy Current Losses (W,) = Z (m) *B? - t?

(9)

Where,
1,: current per phase [A], B: magnetic flux density [Wb]

R,: coil resistance per phase [Q], f: operating frequency [Hz]
t: magnetic steel plate thickness [m]

permeability of vacuum (u): 4mwe™"[H/m]
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Each of the former logged parameters from DLR test vehicle were fed to the
above equations to calculate energy losses each second. Each prescribed heat

flow in Figure 74 represents energy loss equation.

The sum of all equations is fed to the model above which is similar to the

thermal model used in the system.

Figure 75: UQM both EM and PEM

Figure 75 shows how the EM and PEM would look like in reality. It is also
apparent how the coolant inlet and outlet ports are attached to the cooling

jacket around the EM.
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Appendix B
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Figure 76: LT and Battery Models with A/C HEXs
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Figure 77: HT Model with A/C HEXs

As mentioned before, that the first approach when choosing the HEXs was
to choose them from the A/C library. In Figure 76 and Figure 77, the layouts of
LT, Battery and HT models using HEXs from A/C library are illustrated.
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